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biomarkers of amyloid, tau, neurodegeneration, and inflammation in former football

METHODS: The sample included 180 former football players and 60 asymptomatic,
unexposed male participants (aged 45-74). Plasma assays were conducted for beta-
amyloid (AB) 40, AB42, hyper-phosphorylated tau (p-tau) 181+231, total tau (t-tau),
neurofilament light (NfL), glial fibrillary acidic protein (GFAP), interleukin-6 (IL-6),
AB42/p-taul81 and AB42/AB40 ratios. We evaluated their ability to differentiate the
groups and associations with RHI proxies and traumatic encephalopathy syndrome
(TES).

RESULTS: P-tau181 and p-tau231(p,q= 0.016) were higher and AB42/p-tau181
was lower(p,q= 0.004) in football players compared to controls. Discrimination
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1 | INTRODUCTION

Exposure to repetitive head impacts (RHI) is associated with mixed
neuropathologies, including axonal and microvascular injury, neuroin-
flammation, white matter degeneration, and an increased burden of
hyper-phosphorylated tau (p-tau) proteins.!=® RHI exposure is an
environmental trigger for the development of the neurodegenerative
tauopathy chronic traumatic encephalopathy (CTE), a link that has
been studied mostly in former American football players.>® There is
indeed a dose-response relationship between exposure to RHI and
CTE risk.37 CTE is characterized by an accumulation of p-tau proteins
in neurons at the depths of the cortical sulci, clustering around small
blood vessels.>8 CTE can be definitively diagnosed only through a post
mortem neuropathological examination.® In vivo biomarkers are essen-
tial for early and accurate detection and diagnosis of neurodegenera-
tive diseases.”10 Research diagnostic criteria have been proposed for
the clinical presentation of CTE (i.e., traumatic encephalopathy syn-
drome, TES).!! Validated in vivo biomarkers to detect CTE and other
RHI-related neuropathologies during life do not yet exist.®
Neuroimaging and cerebrospinal fluid (CSF) assay analyses serve as
the most investigated forms of biomarkers for CTE and RHI-related
neuropathologies.’2"1? Advancements in blood immunoassay tech-
niques have allowed for the identification of blood-based biomarkers
that provide insight into neuropathological processes.?%2! The fea-
sibility, cost-effectiveness, and scalability of blood-based biomarkers
make them ideal candidates for in vivo detection and monitoring of
CTE and RHI-related neuropathologies. Studies have examined acute
changes in plasma biomarkers after traumatic brain injury (TBI)22 or
RHI,2% but studies on the usefulness of plasma biomarkers to detect

accuracy for p-tau was modest (area under the curve [AUC] = 0.742). Effects were
not attributable to AD-related pathology. Younger age of first exposure (AFE) corre-
lated with higher NfL (p,4; = 0.03) and GFAP (p,4 = 0.033). Plasma GFAP was higher in
TES-chronic traumatic encephalopathy (TES-CTE) Possible/Probable (p,q; = 0.008).

DISCUSSION: Plasma p-tau181 and p-tau231, GFAP, and NfL may offer some useful-

ness for the characterization of RHI-related neuropathologies.

chronic traumatic encephalopathy, college football, concussion, football, head trauma, National
Football League, neurodegenerative disease, plasma biomarkers, repetitive head impacts, subcon-
cussion, traumatic brain injury, traumatic encephalopathy syndrome

* Former football players had higher plasma p-tau181 and p-tau231 and lower
AB42/ptau-181 compared to asymptomatic, unexposed men.

* Younger age of first exposure was associated with increased plasma NfL and GFAP
in older but not younger participants.

* Plasma GFAP was higher in participants with TES-CTE possible/probable compared
to TES-CTE no/suggestive.

long-term neuropathologies of exposure to RHI in large aging cohorts
are scarce. This will be the largest study to examine a panel of plasma
biomarkers in a cohort at risk for the development of CTE.

In CTE, plasma biomarkers of p-tau may be ideal candidates for
disease detection and differentiation, as assays for different epitopes
now exist. Plasma p-tau217, p-tau181 and, to a lesser extent, p-tau231
have been shown to have associations with Alzheimer’s disease (AD)
pathology.24-2¢ There have been initial studies on plasma p-tau epi-
topes in the setting of CTE. Participants with consensus-diagnosed TES
showed significantly higher levels of plasma p-tau181 and p-tau217
when compared to healthy controls.2” However, the sample size was
small and the effect was driven by participants who had comorbid
beta-amyloid (Ag) pathology.2”

In addition to p-tau, previous work found that participants exposed
to RHI (n = 33) had higher levels of plasma neurofilament light (NfL,
marker of axonal degeneration) and interleukin-6 (IL-6, marker of
inflammation) compared with 59 healthy controls and 62 AD partici-
pants, respectively.28 A case series of nine RHI-exposed patients found
higher plasma glial fibrillary acidic protein (GFAP), NfL and total tau
(t-tau) levels when compared to controls.2? Greater exposure to RHI
has been associated with increased levels of plasma t-tau in both acute
and longitudinal settings.2®31 The preliminary associations between
RHI and plasma NfL, IL-6, and GFAP are concordant with the neu-
ropathological literature that shows neuroinflammation and axonal
injury in brain donors with RHI.%32 Markers of Ag deposition, includ-
ing AB40 and ApB42, have been studied in AD and have become an
object of interest in CTE research.3® Despite the growing interest in
plasma biomarkers, previous studies have not had sufficiently large or
well-characterized samples enriched for suspected CTE and they
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lacked the assessment of multiple plasma biomarkers, including differ-
ent p-tau epitopes.

The objective of this study was to evaluate the utility of plasma
biomarkers of AB, p-tau (181, 231), neurodegeneration (t-tau), axonal
injury (NfL), and inflammation (GFAP, IL-6) among former American
football players to examine long-term RHI-related neuropatholog-
ical changes and the potential for detection of CTE. Our sample
included participants from the Diagnostics, Imaging, and Genetics Net-
work for the Objective Study and Evaluation of Chronic Traumatic
Encephalopathy (DIAGNOSE CTE) Research Project.®* The DIAG-
NOSE CTE Research Project is comprised of former college and
professional American football players and similar-aged asymptomatic
men without exposure to RHI or TBI. We aimed to identify whether lev-
els of plasma biomarkers differed between these two groups, as well
as investigate whether plasma biomarkers correlate with proxies of
RHI exposure, such as total years of play, position played, and age of
first exposure (AFE) to football. We analyzed the association of these

biomarkers to TES diagnoses.

2 | METHODS

2.1 | Sample

The sample included 240 males between 45 and 74 years of age
who are part of the DIAGNOSE CTE Research Project.?* The sam-
ple was comprised of 120 former professional football players, 60
former college football players, and 60 participants with no TBI or
RHI exposure (i.e.,, asymptomatic unexposed [UE] participants). A
full description of the inclusion and exclusion criteria is provided in
a methodological paper®* and the Supplementary Materials (Table
S1). Former college football players must have played > 6 years in
organized football with >3 years at the college level. Former pro-
fessional football players must have played >12 years of organized
football with >3 seasons in college and >4 seasons professionally.
For the former college and professional players, there were no enroll-
ment criteria based on the presence or severity of cognitive or
neuropsychiatric symptoms. A substantial number of former players
reported subjective or objective cognitive symptoms, as described
elsewhere.3®

Asymptomatic UE participants had no self-reported history of
exposure to RHI including participation in organized contact/collision
sports, combat military service, physical violence, or other sources. In
addition, the UE participants had no known TBIs, including any mild
(including concussion), moderate or severe TBls. They were required
to have no history of psychiatric illness or cognitive impairment, a body
mass index (BMI) greater than 24, and must have denied cognitive or
neuropsychiatric symptoms at screening.

Participants were evaluated at one of four sites: Boston University
Chobanian and Avedisian School of Medicine (Chobanian & Avedisian
SOM) with MRI scans conducted at Brigham and Women'’s Hospital
(BWH); Las Vegas Cleveland Clinic Lou Ruvo Center for Brain Health;
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using traditional sources (e.g., PubMed) as well as ref-
erences of research articles. Repetitive head impacts
(RHI) are the main risk factor for the later development
of chronic traumatic encephalopathy (CTE), a neurode-
generative tauopathy that has been mainly studied and
identified in American football players. RHI has com-
monly been studied in the literature using neuroimaging,
such as magnetic resonance imaging (MRI) or positron
emission tomography (PET). However, these methods are
invasive and expensive. Blood-based biomarkers offer a
clinically promising, cost-effective way to evaluate under-
lying neuropathologies of RHI, but as of yet, there have
been no studies using a panel of multiple biomarkers
in a large RHI-exposed cohort. All relevant studies are
appropriately cited.

2. Interpretation: Our findings led to an integrated hypoth-
esis evaluating the usefulness of blood-based biomarkers
as a method to investigate RHI exposure-related patholo-
gies.

3. Future directions: Future studies are needed to expand
on our knowledge of which blood-based biomarkers most
accurately reflect RHI exposure, especially as partici-
pants age and have neurological comorbidities, such as

Alzheimer’s disease.

Mayo Clinic Arizona with positron emission tomography (PET) scans
conducted at Banner Alzheimer’s Institute (BAI) in Phoenix; and New
York University Langone Medical Center. Participants completed a
2-day baseline evaluation that included neurocognitive testing, assess-
ment of functional status, neuropsychiatric questionnaires, neurolog-
ical assessments, and biomarker data collection in the form of an MR,
two types of PET scans (florbetapir amyloid PET, flortaucipir tau PET), a
lumbar puncture and phlebotomy for a blood sample. Semi-structured
interviews and online questionnaires assessed demographics, as well
as medical, psychiatric, and athletic history. Data on substance use and
sleep were collected. Baseline data were collected between September
2016 and February 2020. All sites received approval from their Insti-
tutional Review Boards. All participants provided written informed
consent and study procedures were performed in accordance with the
ethical standards as laid down in the 1964 Declaration of Helsinki
and its later amendments. Diversity, equity, and inclusion (DEI) were
addressed in this study through its enrollment of a diverse sample
and an ongoing collaboration between the Retention Coordinator and
the DEI team; areas of improvement regarding DEI are outlined in the

discussion.
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2.2 | Plasma assays

A full description of blood processing protocols for the DIAGNOSE
CTE Research Project is reported elsewhere.®* Participants were
instructed to fast for at least 12 h before blood sample collection.
Study coordinators confirmed that participants had fasted before
the venipuncture. A portion of whole blood was kept at room tem-
perature and shipped to BU Chobanian & Avedisian SOM on the
day of collection for DNA extraction for genetic and genomic anal-
yses, including apolipoprotein (APOE) ¢4 genotyping. All other blood
was processed, aliquoted, and stored at -80°C at the four partic-
ipant evaluation sites within 90-120 min of collection, then batch
shipped on dry ice overnight to VA Puget Sound to be stored in -70°C
freezers.

Plasma biomarkers were a priori selected for this study based
on their application across neurodegenerative diseases: A340, AB42,
p-taul81, p-tau231, t-tau, NfL, GFAP, and IL-6. We also calcu-
lated the ratio of AB42/p-tau181 and AB42/AB40.3¢ These proteins
were also selected based on their association with RHI-related
neuropathologies.»?7-33 These are also inclusive of accepted biomark-
ers used for the detection and monitoring of AD and AD-related
diseases.1021,24-26,28,33,36 However, we acknowledge that this is not an
exhaustive list of all plasma biomarkers.

Plasma assays for AB, NfL, and GFAP included the Simoa 4-
plex assay from Quanterix. Plasma assays for p-tau proteins
were measured by in-house Simoa assays from the University of
Gothenburg.2> Plasma IL-6 was analyzed using the V-PLEX Proin-
flammatory Panel 1 from Meso Scale Diagnostics. All assays were
analyzed in batches at the Clinical Neurochemistry Laboratory,
Sahlgrenska University Hospital in MdélIndal, Sweden (University of
Gothenburg).

2.3 | Traumatic Encephalopathy Syndrome (TES)

TES is the research diagnostic criteria for the clinical syndrome of
CTE.' A TES diagnosis requires the presence of substantial exposure
to RHI and cognitive impairment and/or neurobehavioral dysregula-
tion that are progressive and not otherwise accounted for by another
condition.’? Supportive features and functional status are used to
determine provisional levels of certainty for CTE pathology in addition
to RHI severity and the presence of core features. TES diagnoses and
levels of certainty for CTE were made following a presentation of clini-
cal, medical, and family history, as well as psychiatric and neuropsycho-
logical test data at multidisciplinary diagnostic consensus conferences.
For this study, each participant was assigned a TES diagnosis (Yes/No)
and level of certainty for CTE pathology, including TES-CTE suggestive,
TES-CTE possible, and TES-CTE probable. TES diagnoses were made
without the use of biomarkers and consensus conferences integrated
all other clinical, medical, and lifestyle data to guide clinical judgment of

diagnoses.

2.4 | Demographics, psychosocial, clinical, and
athletic data

Participants completed comprehensive semi-structured interviews
providing data on demographics (e.g., age, education, racial identity);
psychosocial and lifestyle history (e.g., educational attainment); medi-
cal and psychiatric history (e.g., substance use, diabetes, hypertension,
sleep disorders); and athletic history (e.g., total years of football play,
position played, AFE). Blood pressure measurements were obtained
as was the participant’s height and weight for calculation of BMI. Par-
ticipants completed the World Health Organization’s 10-item alcohol
use disorders identification test (AUDIT) to determine problematic
alcohol use behaviors.3” The revised Framingham Stroke Risk Profile
(rFSRP) was calculated to reflect vascular and stroke risk factors in all

participants.3®

2.5 | Statistical analysis

All plasma biomarkers, excluding AB40 and AB42, were log-
transformed (natural log) due to non-normal distribution of residuals.
All analyses were adjusted for multiple comparisons using the
Benjamini-Hochberg false discovery rate (FDR) method with signifi-
cance set at an adjusted p-value of 0.05. p-values were corrected by
the number of items per biomarker domain. All analyses controlled
for the following covariates: age, race, BMI, rFSRP, and total AUDIT
score. Analyses examining AFE also controlled for total years of play.
Race was included as a covariate due to the association of Black
racial identity with plasma biomarkers of amyloid3? and CSF markers
of tau.’® While the reasons for the association between Black racial
identity and these plasma biomarkers are unclear, it is best attributable
to unmeasured social factors that we wanted to capture in the present
study using race as a proxy.3>4%41 BMI, rFSRP, and total AUDIT score
were included as covariates due to their association with disease
outcomes.*2-44 Analyses were completed using R Statistical Software
(version 4.2.2).

There were minimal differences in levels of biomarkers between
professional versus college level of football exposure (i.e., only t-tau
had a statistically significant but small effect). Due to the small effect
sizes reported both here and in the literature, the two exposure levels
were grouped for the statistical analysis.1>

The association of covariates with plasma biomarkers was ana-
lyzed using t-tests (APOE4 genotype, race [self-identified]) and Pearson
correlation coefficient analyses for continuous variables (age, BMI,
rFSRP, and total AUDIT score). The association of plasma biomarker
concentrations and demographic variables was investigated in both
the asymptomatic UE participants and former football player cohorts
individually.

Analysis of covariance (ANCOVA) compared the concentration
of each plasma biomarker between football players and asymp-

tomatic UE participants. ANCOVA also compared the concentration



MINER ET AL.

Alzheimer’s &Dementia® | s

of plasma biomarkers between levels of TES-CTE certainty. To increase
sample size and power, TES groups were condensed into TES-
No/TES-CTE suggestive and TES-CTE possible/TES-CTE probable.
There were also no significant differences in plasma biomarker con-
centrations between the TES-No and TES-CTE suggestive groups.
Some significant group differences in concentrations of plasma GFAP
across TES CTE levels of certainty were found, which is outlined in
Table S2.

Tofurther evaluate the diagnostic usefulness of the plasma biomark-
ers, we conducted binary logistic regressions and receiver operating
characteristic (ROC) area under the curve (AUC) statistics to evaluate
the accuracy of each biomarker in discriminating the football players
from the asymptomatic UE participants. ROC and AUC analyses were
also used to determine the accuracy of each biomarker in determin-
ing TES level of certainty. The AUC statistic was calculated with and
without covariates included in models. For models with covariates,
predicted probabilities from the binary logistic regressions were used
for the AUC. The AUC, 95% confidence interval (Cl), and associated
p-values are reported.

Among the former football players, nested multivariable regres-
sion models examined the associations between total years of football
play and AFE with each plasma biomarker. Nested regression mod-
els included three levels: (1) demographic variables in model 1 (age,
race), (2) medical variables in model 2 (BMI, rFSRP, AUDIT), and (3)
RHI exposure variables in model 3 (total years of play, AFE). Models
were performed consecutively and the change in RZ was examined.
ANCOVA compared levels of plasma biomarkers between linemen
versus non-linemen position groups in former players. Linemen posi-
tions included offensive and defensive linemen. Non-linemen positions
included offensive backs and receivers, linebackers, defensive backs,
and special teams. Participants were grouped this way because offen-
sive and defensive linemen have been found to sustain significantly
higher numbers of head impacts during football participation than
non-linemen positions.3*°

As a post-hoc analysis, models were repeated after excluding study
participants who had a positive amyloid PET scan, defined by an
average cortical standardized uptake value ratio (SUVR) of 1.10 or
greater (centiloid values > 24.3).4¢ This was done to rule out potential

confounding from underlying AD.

3 | RESULTS

3.1 | Sample characteristics

A total of 166 football players and 51 asymptomatic UE participants
were included in the analysis. Fourteen football players and five asymp-
tomatic UE participants were excluded from the analysis due to missing
plasma biomarkers and rFSRP data. Four asymptomatic UE partici-
pants included in the original baseline sample were excluded from the
current analysis due to history information provided at the 4-year
remote follow-up evaluation that contradicted their initial telephone

screening and would have made them ineligible for inclusion.3* One
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participant did not have a TES diagnosis and was excluded from TES
analyses.

Participant characteristics by exposure group are summarized in
Table 1. There were no significant differences between the exposure
groups in age, education level, self-reported race, APOE ¢4 genotype,
or incidence of diabetes and hypertension. The football players had
a higher mean BMI and total AUDIT score than asymptomatic UE
participants. Asymptomatic UE participants had a higher rFSRP mean.

In the full sample, 27.6% (n = 60) of participants were APOE &4
carriers; €4 carrier status was not significantly associated with any
of the plasma biomarkers. Older age was significantly associated
with higher AB40 (r = 0.296, p,qj < 0.001), higher NfL (r = 0.426,
Pagj < 0.001), higher GFAP (r = 0.608, p,qj< 0.001) higher IL-6
(r = 0.231, pygj= 0.001) and lower AB42/ AB4Q ratio (r = —0.312,
Padj < 0.001). Participants who identified as Black had significantly
lower concentrations of AB40 (p,¢j= 0.002) and AB42 (p,q; = 0.002),
but higher AB42/p-tau181 ratio (p,gj= 0.005) when compared to
participants who did not identify as Black. Higher BMI was signifi-
cantly associated with lower NfL (r = —0.308, Padj < 0.001) and GFAP
(r = —0.305, p,gj < 0.001). Higher rFSRP was significantly associated
with higher AB40 (r = 0.247, p,q; < 0.001), higher NfL (r = 0.243,
Pagj < 0.001), higher GFAP (r = 0.354, p,q < 0.001), higher IL-6
(r = 0.213, p,gj= 0.002) and lower AB42/ ABAOQ ratio (r = —0.246,
Padgj < 0.001). Higher total AUDIT scores were significantly associ-
ated with lower p-tau181 (r = —0.243, p,¢; < 0.001), lower p-tau231
(r = =0.209, p,qj = 0.003), lower GFAP (r = —0.166, p,gj= 0.032) and
higher AB42/p-tau181 ratio (r = 0.174, p,q; = 0.022).

Concentrations of plasma biomarkers by exposure group are sum-
marized in Table S3. Pearson correlation coefficient analysis showed
that older age was associated with higher concentrations of A340 (p-
value =0.001), t-tau (p-value = 0.003), NfL (p-value = 0.002), and GFAP
(p-value < 0.001) in asymptomatic UE participants (Table S4a). Simi-
larly, older age in former football players was associated with higher
concentrations of AB40 (p-value = 0.003), NfL (p-value < 0.001), GFAP
(p-value < 0.001), and IL-6 (p-value = 0.001) (Table S4b). Other demo-
graphic variables also had associations with plasma biomarker levels
in asymptomatic UE participants and former football players. A full
summary of the results can be found in Table S4a/b.

3.2 | Plasma biomarker levels in football players
and asymptomatic UE participants

ANCOVA tests demonstrated that football players had significantly
higher concentrations of p-tau181 (est. marginal mean difference =
—0.221, pogj= 0.016), p-tau231 (est. marginal mean difference =
—0.212, p,q; = 0.016), and significantly lower AB42/p-tau181 ratio (est.
marginal mean difference = 0.545, p,q; = 0.004) compared to asymp-
tomatic UE participants (Table 2 and Figure 1). There were no group dif-
ferences for AB40 (est. marginal mean difference = 4.91, Padj = 0.278),
ApB42 (est. marginal mean difference = 0.298, p,g; = 0.278), t-tau (est.
marginal mean difference = 0.069, p,qj= 0.647), NfL (est. marginal
mean difference = —0.067, p,qj= 0.362), GFAP (est. marginal mean



s | Alzheimer’s &Dementia®

MINERET AL.
THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION
TABLE 1 Participant characteristics
Football players Asymptomatic UE participants

Parameter n=166 n=51 p-value
Demographics
Age in years, mean (o) 57.5(8.1) 59.5(8.5) 0.14
Formal education in years, mean (o) 16.8(1.5) 17.7 (3.5) 0.33
Education level (terminal degree n [%]) <0.001

High school/GED 19(11) 5(9.8)

Bachelor’s/Associates 110(66.2) 24 (46.8)

Master’s or Doctorate 37(22.2) 22(43.6)
Self-reported race 56 (34) 18 (35) 0.84
Black n (%)
Medical history
BMI, mean (o) 32.4(4.6) 30.8 (4.8) 0.02
APOE ¢4 n (%) 50(31) 10 (20) 0.16
Hypertension n(%) 70(42) 22(43) 0.90
Diabetes n (%) 12(7.2) 4(7.8) >0.99
rFRSP mean (o) 0.03(0.03) 0.05 (0.04) 0.002
AUDIT mean (o) 5.0(5.6) 3.0(3.2) 0.008
Exposure
Age at first exposure (years), mean (o) 11.0(2.9)
Total years of play 15.8(4.3)
Position at the highest level played n (%)

Offensive lineman 38(23) : :

Offensive backs/receivers 47 (28) '

Defensive linemen 19(11)

Linebackers 26(16)

Defensive backs 32(19) :

Special teams 4(2.4) : :
TES
TES yes n (%) 106 (49) )
TES level of certainty n (%)

TES no 110(51)

TES-CTE suggestive 32(15)

TES-CTE possible 19(8.8)

TES-CTE probable 55(25)

Abbreviations: %, percent; APOE, apolipoprotein E; AUDIT, alcohol use disorders identification test; BMI, body mass index; CTE, chronic traumatic
encephalopathy; rFSRP, revised Framingham Stroke Risk Profile; TES, traumatic encephalopathy syndrome; UE, unexposed; o, standard deviation.

*No data collected, no p-values calculated.

difference = 0.026, p,gj= 0.208), IL-6 (est. marginal mean differ-
ence =0.223, p,4j = 0.650), or the AB42/AB40 ratio (est. marginal mean
difference = 0.001, p,q4; = 0.582) (Figure 2).

As shown in Figure 1, effect sizes for p-taul81, p-tau231, and
AB42/p-taul81 were small and there was observable overlap in con-
centration levels at the individual level between former football players
and the asymptomatic UE men.

Unadjusted and adjusted binary logistic regression and ROC
curve analysis evaluated the diagnostic usefulness of these plasma

biomarkers (Table S5a/b and Figure 3). The unadjusted models’
AUC values ranged from 0.48 to 0.61, representing poor dis-
crimination. The adjusted model AUC ranged from 0.70 to 0.75,
representing acceptable discrimination. The best performing and
statistically significant biomarkers in the adjusted analysis were
the AB42/p-taul81 ratio (AUC = 0.75, p,gj= 0.008), p-taul81
(AUC = 0.74, p,g; = 0.018), and p-tau231 (AUC = 0.74, p,gj= 0.018).
All adjusted models were significantly better than their unadjusted

counterparts.
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Estimated marginal means plot—pT181, pT231. ANCOVA compared concentrations of plasma biomarkers in football players and

asymptomatic UE participants. Above figure shows the differences in estimated marginal means between football players and asymptomatic UE
exposure groups for plasma p-Tau181, p-Tau231, and the AB42/p-Tau181 ratio. All models adjusted for age, race, BMI, rFSRP, and total AUDIT
score. Error bars at 95% Cl. (a) p-Tau181. (b) p-Tau231. (c). AB42/p-Tau181. ANCOVA, analysis of covariance; AUDIT, alcohol use disorders
identification test; BMI, body mass index; Cl, confidence interval; p-tau, hyper-phosphorylated tau; rFSRP, revised Framingham Stroke Risk Profile;

UE, unexposed

A total of 10 former professional players, 7 former college players,
and 3 asymptomatic UE participants had positive amyloid PET scans.
Findings remained the same for both ANCOVA and ROC analyses of
the association of plasma biomarkers with RHI exposure when the 20
participants with a positive amyloid PET were excluded. AUC values
ranged from 0.69 to 0.74, with the best-performing biomarkers still the
ApB42/p-taul81ratio (AUC=0.74, p,q; = 0.008), p-tau181 (AUC =0.74,
Padj = 0.020), and p-tau231 (AUC = 0.73, pyqg;= 0.040). (Table S5c).
AUC and ROC analyses of the association of plasma biomarkers and
condensed TES levels also remained similar in the amyloid-negative
sample. AUC values ranged from 0.62 to 0.69 with the best-performing
biomarker still being GFAP (AUC = 0.69, p,j = 0.040) (Table S5d).

3.3 | Plasma biomarkers and TES-CTE certainty

ANCOVA models compared TES-No/TES-CTE suggestive and TES-CTE
possible/probable groups on each plasma biomarker while control-
ling for covariates. Pairwise comparisons of estimated marginal means
found significantly elevated concentrations of plasma GFAP (est.
marginal mean difference = —0.157, p,gj= 0.008) in TES-CTE possi-
ble/probable compared to TES-No/TES-CTE suggestive (Table 3 and

Figure 4). Neither p-tau181 (est. marginal mean difference = 0.081,
Padj = 0.553) nor p-tau231 (est. marginal mean difference = 0.052,
Padj = 0.553) was found to be significantly different between TES-CTE
groups.

Unadjusted and adjusted binary logistic regression and ROC curve
analysis also investigated the usefulness of plasma biomarkers in dis-
criminating across TES level of certainty groups (Table S5e/f). The
unadjusted models’ AUC values ranged from 0.49 to 0.59, demon-
strating poor discrimination. The adjusted model AUC ranged from
0.61 to 0.70, representing acceptable discrimination. T-tau was signif-
icant in the unadjusted model (AUC = 0.59, p,¢j = 0.032), but was not
significant after adjustment for covariates. The only statistically sig-
nificant biomarker in the adjusted analysis was GFAP (AUC = 0.70,
Pagj = 0.008).

3.4 | Associations between proxies of RHI
exposure and plasma biomarkers

Nested regressions demonstrated significant associations between
younger AFE and higher NfL (NfL A RZ2=0.033,B=-0.011, Pagj = 0.03)
and GFAP (GFAP A RZ= 0.022, B = —0.008, Padj = 0.033) (Figure 5).
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TABLE 2 Plasma biomarkers and exposure to RHI (football players
vs. asymptomatic UE participants).

Est. marginal

Biomarker mean diff. Paaj [95% Cl]
Amyloid

AB40 491 0.278[-13.810, 3.985]

AB42 0.298 0.278[-0.801,0.205]
Tau

p-tau181 -0.221 0.016[0.047,0.395]

p-tau231 -0.212 0.016[0.040, 0.383]
Neurodegeneration

t-Tau 0.069 0.647[-0.364,0.226]
Axonal injury

NfL —-0.067 0.362[-0.067,-0.077]
Neuroinflammation

GFAP 0.026 0.208[0.139,0.087]

IL-6 0.223 0.650[-0.491,0.046]
Ratios

AB42/p-taul81 0.545 0.004[-0.890, —0.201]

AB42/AB40 0.001 0.582[-0.006, 0.003]

Note: A negative value indicates that the mean value of UE participants is
lower than the mean value of football players.

Abbreviations: Ag, beta-amyloid; Cl, confidence interval; Est. Marginal
Mean Diff., estimated marginal mean difference, where a positive value indi-
cates that the mean value of UE participants is higher than the mean value of
football players; GFAP, glial fibrillary acidic protein; IL-6, interleukin-6; NfL,
neurofilament light; p-tau, hyper-phosphorylated tau; RHI, repetitive head
impacts; t-tau, total tau; UE, unexposed.

Bolded results indicate significance.

Findings remained the same when the 17 former players with a positive
amyloid PET were excluded.

Multivariable regression analysis found no significant associations
between total years of play and plasma biomarkers in former football
players. ANCOVA analyses found no significant differences in plasma
biomarker levels between linemen versus non-linemen position groups

at the highest level of football played.

4 | DISCUSSION

This study examined the usefulness of a panel of plasma biomarkers
to detect RHI-related neuropathologies in former American college
and professional football players. Compared with asymptomatic UE
men, the former American football players had higher levels of plasma
p-tau181 and p-tau231 as well as a lower AB42/p-taul81 ratio. The
plasma p-tau biomarkers had modest accuracy for discriminating the
former football players from the asymptomatic UE men. There were
no group effects for plasma AB40, AB42, t-tau, NfL, GFAP, IL-6, or
AB42/AB40 ratio. Among the former football players, younger AFE
to football was associated with higher GFAP, a measure of neuroin-

flammation, and NfL, a marker of axonal degeneration. Plasma GFAP

TABLE 3 Pairwise comparisons of estimated marginal means for
TES-CTE certainty groups in football players

Estimated
marginal
mean 95% 95%
Biomarker difference Cl—lower Cl—higher p,g
Amyloid
AB40 -4.75 —-3.405 12.905 0.350
AB42 -0.227 -0.251 0.705 0.350
Tau
p-tau181 0.081 —-0.255 0.093 0.553
p-tau231 0.052 -0.226 0.121 0.553
Neurodegeneration
t-Tau 0.291 -0.583 0.000 0.050
Axonal injury
NfL —-0.085 -0.051 0.220 0.221
Neuroinflammation
GFAP -0.157 0.052 0.261 0.008
IL-6 -0.151 —0.068 0.369 0.175
Ratios
AB42/p-taul81 —-0.247 —-0.069 0.563 0.250
AB4A2/AB40 —0.000 —-0.004 0.004 0.870

Note: TES-CTE certainty groups include TES-No/TES-CTE suggestive and
TES-CTE possible/TES-CTE probable. Estimated marginal mean difference,
a positive value indicates that the mean value of TES-No/TES-CTE sugges-
tive is higher than the mean value of TES-CTE possible/TES-CTE probable
players. A negative value indicates that the mean value of TES-No/TES-
CTE suggestive is lower than the mean value of TES-CTE possible/TES-CTE
probable players.

Abbreviations: ApB, beta-amyloid; Cl, confidence interval; GFAP, glial
fibrillary acidic protein; IL-6, interleukin-6; NfL, neurofilament light;
p-tau, hyper-phosphorylated tau; t-tau, total tau; TES-CTE, traumatic
encephalopathy syndrome-chronic traumatic encephalopathy.

Bolded results indicate significance.

was found to be increased in the TES-CTE possible/probable group
compared to the TES-no/TES-CTE suggestive. There were no other
associations with TES-CTE certainty diagnoses. All analyses controlled
for age, race, BMI, rFSRP, and total AUDIT score.

4.1 | Group differences in plasma biomarkers

Plasma biomarkers of p-tau and the AB42/p-tau181 ratio were higher
and lower, respectively, in former football players compared with
asymptomatic UE participants and demonstrated some discrimination
accuracy when modeled with demographic, medical and genetic vari-
ables. There were no other biomarkers that demonstrated a significant
difference between the two groups. Plasma p-tau181 has been identi-
fied as a prognostic and discriminatory biomarker in AD.*748 P-tau231
is also strongly associated with AD pathology, and has more robust
associations with amyloid and tau PET biomarkers than p-tau181 in

the early stages of the disease.?>*? Initial research of these p-tau
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biomarkers in autopsy-confirmed CTE found that p-tau181 was signif-
icantly elevated in TES participants compared to healthy controls, but
these findings were driven by the presence of AB pathology.?? Taken
together, these p-tau biomarkers are optimal for the detection of AD
neuropathological changes. Yet, we observed higher p-tau181 and p-
tau231 biomarkers in participants who were predominantly amyloid
PET-negative, suggesting that their utility is not restricted to patients
with AD.2” Notably, the effect sizes were small with limited separation
between the former football players and controls at the individual level.
These results are consistent with those found in Canadian football
players, where plasma p-taul81 concentrations were higher in RHI-
exposed players than in healthy controls.° It is important to note that
participants in this Canadian football players study, participants had
an average age of 52. Tau is a phosphorylated protein that has 85
potential phosphorylation types, with 45 sites identified.”? It is possi-
ble that other epitopes not examined here might have better specificity
for the conformational changes of tau in RHI and CTE.>2 For example,
post mortem neuropathological examinations of the dorsolateral frontal
cortex of CTE-and AD-confirmed cases found that p-tau202 was signif-
icantly upregulated in high-stage CTE whereas p-tau396 was increased
in AD.>3 Recent mass spectrometric methods have begun to detect

novel p-tau epitopes in plasma.>* While p-tau181 and p-tau231 may

be good biomarkers to help rule out or rule in the presence of other
neurodegenerative diseases, like AD, investigation of alternative p-tau
epitopes will be necessary to definitively measure RHI or CTE-specific
plasma p-tau.

There were no group differences in plasma markers of A3 (A340,42),
neurodegeneration, axonal injury, or inflammation. Previous studies
have found neuroinflammation and neurodegeneration to be long-
term consequences of exposure to RHI.» 185557 Qur null findings could
be a result of the assays used and/or the sample and methods (e.g.,
recruitment design). The sample is relatively young and the presence
and extent of the underlying disease are unknown and, if present, likely
to be mild. These markers might not become elevated until later in the
disease course. Consistent with the neuropathological descriptions of
CTE, we would not necessarily expect changes in A340 and AB42 as it is
not a diagnostic feature of CTE. Most of the present sample is also amy-
loid PET-negative.*® However, we observed lower concentrations of
AB40 and AB42 in the older former football players. A previous report
of post mortem CSF found lower CSF AB42, but not AB40, in autopsy-
confirmed CTE including relative to cases with comorbid AD.%” The
authors hypothesized that changes in AB40 and A342 in CTE might be
related to impaired clearance mechanisms. This remains an area that

needs further investigation.
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4.2 | Plasma biomarkers and TES

Plasma GFAP was higher in the TES-CTE possible/probable group
compared to TES-No/TES-CTE suggestive. The effect size was small.
Only plasma GFAP was predictive of TES-CTE possible/probable in an
adjusted ROC/AUC analysis. The elevated plasma GFAP inthe TES-CTE
possible/probable participants highlights the potential role of neu-
roinflammation and astrogliosis in CTE.>8 GFAP and similar markers
might only be elevated in those at greatest risk for having underlying
CTE pathology, potentially explaining why we did not observe an effect
at the group level. Additionally, levels of serum GFAP have been found
to be normal at 8-months post TBI, but rose significantly after 5 years
of follow-up.>? There are active biological processes related to brain
injury still happening after several years; our cohort may be partici-
pating in research at the optimal time-point to demonstrate elevated
GFAP levels. Neither p-tau181 nor p-tau231 were associated with TES
level of certainty. Interpretation of this finding is challenging given p-
tau181 and 231 might not be optimal for detection of CTE and the
validity of 2021 TES research diagnostic criteria are unknown as they
have yet to be compared against neuropathology. With these caveats,
RHI likely leads to p-tau and non-p-tau pathologies that lead to clinical

symptoms. Additionally, participants in our cohort are relatively young;

only 32 former football players are over the age of 65, and only 12
are over the age of 70. There may not be sufficient pathological p-tau
burden to manifest symptoms. Finally, the TES criteria were developed
without biomarkers, and continued efforts to develop biomarkers will
be important to improve the specificity of the criteria.

4.3 | Metrics of exposure to RHI and plasma
biomarkers

There were no significant associations between the plasma p-tau
biomarkers and years of American football play. This contradicts the
neuropathological and tau PET literature that has found associations
between years of play and markers of p-tau.’® The lack of associa-
tions present could be the result of p-tau181 and p-tau231 being better
reflections of amyloid pathology than tau pathology.¢%¢* It may also be
due to the restricted range of exposure, as all participants are former
elite highly exposed players. The present study did find that younger
AFE was significantly associated with higher plasma NfL and GFAP.
There were no significant associations between other plasma biomark-
ers and AFE. The literature surrounding younger AFE and later-life

neurological function is mixed. Younger AFE has not been associated
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with neurological outcomes in younger participants but has been in
older symptomatic cohorts.®2-* In older symptomatic participants,
younger AFE is associated with white matter hyperintensities, smaller
thalamic volumes, and white matter changes in the anterior corpus cal-
losum on neuroimaging.126>6¢ A working hypothesis is that AFE does
not confer risk for p-tau, but could lead to other types of pathologies
(e.g., white matter injury, neuroinflammation) that decrease resiliency
to neurodegenerative changes in older age.

4.4 | Context of use of biomarkers in individuals
with RHI

The United States Food and Drug Administration (FDA) and the
National Institutes of Health (NIH) Biomarkers Working Group recog-
nize seven contexts of use of biomarkers including risk/vulnerability,
diagnosis, prognosis, pharmacodynamic, predictive, monitoring, and
safety.®” The observations from this study suggest that the p-tau
abnormalities observed may have limited diagnostic capability; how-
ever, the p-tau and GFAP changes noted may have a role in risk
assessment, prognosis, monitoring, or establishing a pharmacodynamic
response to an intervention used in individuals with RHI. Discovery
research is needed to establish diagnostic biomarkers for RHI or CTE

within populations of persons with RHI.

45 | Limitations

The present study is not without limitations. This was a cross-sectional
study, and longitudinal investigations on how plasma biomarker con-
centrations change over time would provide key insights into their
diagnostic accuracy and utility. The recruitment design of this study is a
limitation. Unlike the former football players, the UE participants were
forced to be asymptomatic with no exposure to RHI. It is challenging
to infer that any group differences observed are related to RHI expo-
sure or other factors. In addition, the sample was made up of entirely
male former American football players who were often symptomatic.
This homogenous group of participants limits the generalizability of
the results including to other contact and collision sport (CCS) ath-
letes and former football players who played at lower levels. We also
examined several indirect proxies of exposure to RHI including posi-
tion group at the highest level of play. We did not examine positions
played throughout the participant’s career and the proxies examined
do not fully account for the cumulative exposure to RHI of the par-
ticipant, including other lifetime events, such as participation in other
CCS.

This study also did not include clinicopathological correlation as
there were no autopsies conducted to validate the presence of CTE or
other neuropathologies. The p-tau epitopes used demonstrated mod-

est effects. Further evaluation of p-tau epitopes beyond p-tau181 and
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p-tau231 is necessary to more accurately capture RHI-related pathol-
ogy, such as p-tau217.68 The plasma biomarkers chosen in this study
were not fully inclusive of markers of other neurodegenerative dis-
eases, such as alpha-synuclein.®? Future studies should incorporate a
wider range of markers of neurodegenerative diseases to fully under-
stand the incidence of disease comorbidity. Finally, plasma assays have
evolved since the time of this study and thus newer generation p-tau
assays could demonstrate more promising results.

5 | CONCLUSION

Plasma biomarkers of p-tau181 and 231 epitopes, GFAP, and NfL
may have usefulness for the detection and study of RHI-related neu-
ropathologies, but their diagnostic value remains unclear at this time.
Biomarkers developed and established for AD are proving to have
restricted utility in CTE and innovative fluid biomarker discovery for
CTE and other RHI-related neuropathologies, including proteomic
analyses and analyses of different plasma p-tau epitopes, are needed
to improve diagnostic capabilities. Overall, blood-based biomarkers

are a promising, cost-effective solution for in vivo monitoring of
neuropathologic changes in disease.
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